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Abstract
The pattern of genetic variation of the lizard Mabuya maculilabris from São Tomé Island (Gulf of Guinea) was investigated using
a combination of three mitochondrial DNA gene fragments. Forty-eight haplotypes were recovered among 66 individuals covering
the whole island. The genealogy inferred from the most parsimonious network of haplotypes allows us to detect two main and long
branches departing from the putative group of oldest haplotypes. The tips of these branches exhibit star-like phylogenies, which may
indicate of recently expanded populations, most probably from a small number of founders. A nested clade analysis suggests a com-
plex pattern of past events that gave rise to the extant geographical pattern found in the haplotype distribution: past and allopatric
fragmentation, range expansion, restricted gene Xow and long-distance dispersal. These results are consistent with the complex geo-
logical history of the island where important volcanic activity with extensive lava Xows has occurred during several periods. Mis-
match-distribution analysis and AMOVA also support these conclusions. Substantial genetic structuring among these lizards was
detected as well as high levels of diVerentiation between the southern edge populations (particularly those from the Rolas Islet) and
the remaining ones. However, variation is low relative to the geological age of the island. Our results indicate that patterns of varia-
tion observed in reptiles in other oceanic islands are not indicative of those observed in the islands of the Gulf of Guinea.
 2005 Elsevier Inc. All rights reserved.
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The genus Mabuya (sensu Greer, 1977) is the only liz-
ard genus with a circumtropical distribution. More than
100 species are known from Asia, Africa and the Neo-
tropics (Greer et al., 2000). Some species are also very
widespread; for example, Mabuya maculilabris has been
reported from São Tomé and Príncipe Islands in the
Gulf of Guinea (Bocage, 1903; Bocage, 1904–05), from
across Central Africa, and on islands in the Indian
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doi:10.1016/j.ympev.2005.04.032Ocean (e.g., Zanzibar and the Comores). Based on
mtDNA sequence data, a recent review of taxa from São
Tomé and Príncipe islands showed that populations
from Príncipe are well diVerentiated from those of São
Tomé, probably constituting a distinct taxon (Jesus
et al., 2005a), and that both are well diVerentiated from
continental M. maculilabris. However, pending taxo-
nomic reform, we continue to refer to the species as
“M. maculilabris.”
The island of São Tomé is situated in the Gulf of
Guinea, 275 km west of Gabon. This volcanic island is
part of an extension of the 1600 km long “Cameroon
Volcanic Line” (Deruelle et al., 1991; Caldeira and
Munhá, 2002, Fig. 1) and has never been connected to
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of basaltic lavas lying in Cretaceous sandstones that
reach 2024 m above sea level. The oldest dated volcanic
rocks are 15.7 million years (My) old (Deruelle et al.,
1991) but most are basaltic lavas less than 1 My old
(Munhá et al., 2002); well preserved recent (<0.4 My;
Munhá et al., 2002) pyroclastic cones are frequent in the
northeast as well as in the south extreme of the island
(Caldeira and Munhá, 2002 , see their Fig. 1). The south
and southeast part of the island exposes an older volca-
nic period (3–8 My, Caldeira and Munhá, 2002). The
southern edge of the island as well as the Rolas Islet is
mainly composed of pyroclastic and lava cones less than
0.4 My. The sea depth between the main island of São
Tomé and the Rolas islet is less than 100 m, and it is sup-
posed that both complexes were connected by land mass
recently during the last glaciation period. In other volca-
nic islands with similar geologically-complex histories,
such as Tenerife in the Canary Islands, phylogeographic
analyses have revealed extensive genetic variability
within reptile species, coinciding with geologically dis-
tinct regions (Gubitz et al., 2000, 2005; Pestano and
Brown, 1999; Thorpe et al., 1994). However other than
Hemidactylus geckos (Jesus et al., 2005b) there are no
phylogeographic studies on reptiles from the islands of
the Gulf of Guinea. We use phylogeographic methods to
examine geographic structuring of extant lineages of
M. maculilabris, and to clarify its evolutionary history
relative to the known geology of the island. We can then
compare this to other reptile species from volcanic
islands, especially the Canary Islands and Cape Verde
Islands.2. Materials and methods
2.1. Samples and sequencing of DNA
Sixty-six specimens of Mabuya maculilabris were col-
lected from 12 localities in São Tomé Island (Fig. 1). All
individuals used in this study are deposited in the reptile
collection of the University of Madeira under voucher
numbers identiWed by locality-haplotype numbers, i.e.,
M. maculilabris 6-1. Genomic DNA from each individual
was extracted by phenol–chloroform standard protocols.
PCR primers used in both ampliWcation and sequencing
were 12Sa and 12Sb, 16SL and 16SH and cytb1 and cytb3
from Kocher et al. (1989), Simon et al. (1991) and Palumbi
et al. (1991) respectively, following conditions given in
Harris et al. (1998). PCR fragments were sequenced in an
ABI 310 sequencer. Sequences were aligned using Clustal
X (Thompson et al., 1994), and minor adjustments were
made by eye. Alignment was facile as only single base
insertions or deletions were required. To test for conXict-
ing phylogenetic signals among diVerent gene regions of
the mtDNA genome we used a partition-homogeneity
test, which revealed no signiWcant incongruence among
the three regions, thus validating their use combined as a
single haplotype. Sequences from three individuals have
been previously published (Jesus et al., 2005a).
All 66 individuals were ampliWed for all three gene
fragments, and these sequences were merged in individ-
ual haplotypes. Variable positions of the entire
sequences excluding indels are shown in Table 1. Com-
plete fragments from each gene are deposited in Gen-
Bank under Accession Nos. AY997701–AY997770.Fig. 1. Sampling sites of Mabuya maculilabris specimens from the island of São Tomé, used in this study. Numbers are as follows: 1. Rolas Islet, 2.
Porto Alegre, 3. Monte Mário, 4. Ponta Furada, 5. Santa Catarina, 6. Neves, 7. Ribeira Funda, 8. Lagoa Azul, 9. São Tomé, 10. São Nicolau, 11. San-
tana, 12. São João dos Angolares. The map show altitude contours. Shaded areas show the geography of lava Xows from diVerent ages (see text).
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Analysis of the phylogeographic structure of Mabuya
maculilabris mtDNA haplotypes was performed using
nested clade analysis (NCA). A statistical parsimony
algorithm (Templeton et al., 1992) with nesting rules
extended in Crandall (1996) was performed in TCS
(Clement et al., 2000). The estimated maximum number
of diVerences among haplotypes as a result of single sub-
stitutions with a 95% conWdence level allowed all the
haplotypes to be joined in a single network. The pro-
gram TCS was also used to reconstruct an unrooted
haplotype genealogy and to estimate the most ancestral
haplotype. Ambiguities of the nesting design were
resolved following Crandall and Templeton (1993) and
Crandall et al. (1994). The nesting design was con-
structed following Templeton et al. (1987). Associations
between this nesting topology and geographical dis-tances among populations were tested with GEODIS
(Posada et al., 2000). This program estimates two dis-
tances: clade distance (Dc) as a measure of the geograph-
ical range of clades at each hierarchical level, and nested
clade distance (Dn), which measures the geographic posi-
tion of a clade relative to sister clades. Both distances are
used to calculate the average interior (ancestral) clade
distance minus the average tip clade distances (I ¡ T)c
and (I ¡ T)n. The hypothesis that dispersion distances of
clades are not signiWcantly greater or less than expected
at random was tested by comparing Dc and Dn values
with those obtained after 10,000 random permutations
of clades against sampling locations. The statistics were
then used to infer biological explanations of the results
under a null hypothesis of no association between haplo-
type topology and geographical distribution. The biolog-
ical interpretations of the results follow the inference key
of Templeton (2004).Table 1
Variable sites of the 12S rRNA, cytochrome b and 16S rRNA gene sequences, in 66 individuals of Mabuya maculilabris (indels were disregarded)
Following the haplotype is the number of individuals bearing the same sequence. Digits at the top of the Table indicate nucleotide positions relative
to the beginning of sequences deposited in GenBank. Dots represent identical bases to the Wrst haplotype. Hpl is the haplotype number, numbers
1–12 are the sites of collection (see Fig. 1).
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ExcoYer et al., 1992) was performed based on Euclidean
distances between haplotypes using Arlequin (Schneider
et al., 2000). The total genetic variation was partitioned
among three groups of populations: the ones from more
recent lava (populations 1-2), those from intermediate-
aged lava Xows (5-10) and the ones from older lava Xows
(3-4, 11-12) (Fig. 1). Another AMOVA was performed
based on a geographical clustering of populations: Rolas
Isl. (1), southern edge of S. Tomé Isl. (2-3), East coast (9-
12) and West coast (4-8). These were chosen to try to
assess whether geological history or current geography
better explains genetic variability within Mabuya maculi-
labris.
To test for demographic signatures of population
expansions within the island of São Tomé, we used the
mismatch-distribution analysis (Rogers and Harpend-
ing, 1992) and compared the observed distribution with
the expected under the assumption of an expansion
model by calculating the raggedness index (Rogers and
Harpending, 1992). We also calculated Fu’s Fs (Fu,
1997) as a test of neutrality using Arlequin v.2.000
(Schneider et al., 2000). Under an inWnite-site model,
large values of Fs provide evidence for population
expansion.
3. Results and discussion
A total of 48 haplotypes were identiWed in the 66 indi-
viduals included in this study (Table 1). Most of these
haplotypes were found only in single specimens but hap-
lotype six was found in eight specimens from three diVer-
ent localities.
All haplotypes can be connected by less than nine
mutational steps and following Templeton et al. (1992)
have a probability of >95% of being parsimoniously
connected. Fig. 2 shows the maximum parsimony net-
work of 48 haplotypes and the nested clade design. Hap-
lotype 6 (H6) is considered the most probable ancestral
haplotype. Homogeneity testing revealed signiWcant
non-random association of clades and sampling loca-
tions, indicating that a phylogeographic structure exists
especially at higher hierarchical clade levels. Table 2 pre-
sents the interpretations of the nested clade analysis of
geographical distances according to the latest key of
Templeton (2004). A signiWcant geographical association
is detected under our nested design in four clades at
diVerent hierarchical levels and at the total-cladogram
level: 2-1 (due to interior clade 1-1), 2-16 (due to a low
Dc of clade 1-43), 3-4 (due to a low Dc of clade 2-11),
clade 4-1 (which presented statistically signiWcant Dc and
Dn values at clades 3-1 and 3-2) and Wnally the entire
cladogram (with all nested clades presenting either sta-
tistically small or large values for Dc and Dn). Except in
two instances the network is fully resolved (Fig. 2). Thegeographical distance analysis shows signiWcant diVer-
ences at diVerent clade levels (either clade-Dc or nested
clade Dn distances), and with one exception, allows
drawing of demographic inferences according to the key
of Templeton (2004) (Table 2).
The entire cladogram points to restricted gene Xow or
dispersal but with some long-distance dispersal (see
Table 2). Mabuya maculilabris in São Tomé is character-
ized by a closely related group of haplotypes (clades 3-1
and 3-2), which are spread over almost the entire island
(except Rolas) independent of lava ages. From the statis-
tical-parsimony network, two long and well separated
branches emerge clearly from H17, which is linked to the
putative oldest haplotype by only two mutational steps.
One of these branches is mainly concentrated in the
southern edge of S. Tomé; eight haplotypes from Rolas
Islet represent the extreme tip of this branch, and none
of these are found elsewhere. The characteristic “star-
like” topology of haplotypes from Rolas indicates a
demographic expansion (Slatkin and Hudson, 1991).
The expansion is probably a recent dispersal from the
closest haplotypes in the south of the nearby main island
(populations 2 and 3). The NCA indicates that the hap-
lotype distribution within clades 3–4 is signiWcantly asso-
ciated with geography, probably as the result of past
fragmentation. Haplotypes from Rolas Islet were not
found in the main island but the most closely related
haplotypes are those from populations 2 and 3. If one
assumes a molecular clock of t1.96% per million years
(My) calibrated from Mabuya of Cape Verde islands
(Carranza et al., 2001) and a sequence divergence
between Rolas and both populations from the southern
edge of São Tomé of 0.28%, the separation of the former
population took place at least t 150,000 years ago. This
age agrees well with the geological data, which indicates
important volcanic activity in the area around 0.4–
0.5 My (Munhá, pers. comm.). The lack of shared haplo-
types between Rolas and the southern coast of São
Tomé is also evidence that gene Xow among the two
regions is low or nonexistent. The most ancestral haplo-
type (H6) of São Tomé, although not detected in Rolas,
is quite widespread along the southeast part of the
island. The data suggests that this region was probably
the Wrst to be colonized by M. maculilabris. From this
region the populations spread in two distinct lineages: a
widely distributed one ending in the islet of Rolas and
another more concentrated in the central and western
part of the island (clades 3-5 to 3-7). Most of the haplo-
types from São Tomé are private haplotypes; only four
are shared by more than one population, indicating that
the whole population may have experienced a past frag-
mentation history. Although lack of sampling density
could also explain this result, Mabuya are large, mobile
animals, and our sampled populations are spread
throughout the island, making this explanation less
likely. The second-longest branch in the topology con-
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island. The whole clade 2-16 has a sequence divergence
to the ancestral type of 0.51%, which estimates a diver-
gence time of approximately 260,000 years. Although the
haplotype distribution and distances are signiWcantly
associated, a strict interpretation of the inference key of
Templeton is inconclusive. Nevertheless, the estimated
coalescence date of clades 4-2 and 2-1, which includes
the putative ancestral haplotype as well as derived ones(some also existing in the southern edge of the island),
puts the origin of all extant lineages around 800,000 ya.
This date is surprising given the age of the island and the
high genetic diVerentiation between populations from
São Tomé and Principe, its presumed sister taxon (Jesus
et al., 2005a). Although error rates of molecular clocks
are substantial, especially when comparing closely
related populations, this age is very diVerent from the
t 5 My separating populations from São Tomé andFig. 2. Maximum parsimony network of Mabuya maculilabris haplotypes (labelled as in Table 1) and nested clade design. Missing haplotypes are
indicated by black circles. Haplotype 6 has the highest outgroup probability. The clades are identiWed using the two-number system where the Wrst
refers to the nesting hierarchy and the second is an arbitrary individual clade identiWer. Each line represents a single mutational step between two
haplotypes. Oval shapes are not proportional to haplotype frequency. Two ambiguous connections linking H32 to the unknown haplotype from
clade 1-5, and H21-H13 were removed following the procedures outlined by Templeton and Sing (1993).
508 J. Jesus et al. / Molecular Phylogenetics and Evolution 37 (2005) 503–510Príncipe using the same rate estimate (Jesus et al.,
2005a). It thus highlights the problems of using island
ages to calibrate molecular clocks – coalescent dates for
haplotypes within islands are often substantially less
than the age of the islands, as seen here and in the case of
Lacerta dugesii in Madeira (Brehm et al., 2003).
The AMOVA analysis further conWrms that São
Tomé M. maculilabris populations are structured. The
clustering of populations according to geography
(three groups, southern edge of São Tomé, east and
west coasts) yields an FST value of 0.54 with 25% of the
variation attributed to diVerences among the three
groups and 28% attributed to diVerences among popu-
lations within groups (P < .0001). The clustering of
populations according to ages of lava Xows gave values
of 11% of variation attributed to diVerences among
groups and 40% among populations within groups (FST
of 0.52). Thus the geographic separation better
explained genetic variation than separation based on
age of lava. Pairwise mismatch analysis (Fig. 3) clearlyshows a bimodal distribution of pairwise diVerences,
which is expected when populations are geographically
subdivided (Marjoram and Donnelly, 1994). Such clear
bimodal data (with peaks clearly separated) further
suggests that the initial population size was high and
coupled with a probably low migration rate. This is
also consistent with the geological history of São Tomé
with constant lava Xows through complex chains of
valleys around the volcano (Caldeira and Munhá,
2002). Further evidence that M. maculilabris in São
Tomé is experiencing a population expansion comes
from the large value of FS for the whole population
(Fu, 1997) as well as the parameters of mismatch distri-
bution obtained (Fig. 3).
In conclusion, all analyses show a degree of geo-
graphic population substructuring within Mabuya mac-
ulilabris consistent with the known geology of the island.
In this respect the results are similar to those obtained
from reptiles from other geologically-complex islands
such as Tenerife. However the level of variation withinTable 2
Interpretation of the results of Fig. 2 using the key of inference of Templeton (2004)
TC, total cladogram.
¤ Permutational x2 statistic D 11.0 (P < .005).
¤¤ x2 statistic D 16.0 (P < .0001).
¤¤¤ x2 statistic D 33.79 (P < .005).
Clade Chain of inference Demographic event inferred
2-1 1-2-11-12-13-YES Past fragmentation followed by range expansion
2-16¤ 1-19-20-2-11-17-NO Inconclusive outcome
3-4¤¤ 1-19-20-2-3-4-9-NO Allopatric fragmentation
4-1 1-2-3-5-6-7-8-NO Unable to discriminate between isolation by distance and long distance movements
TC¤¤¤ 1-2-3-5-6-7-YES Restricted gene Xow/dispersal but with some long distance dispersalFig. 3. Mismatch-distribution analysis of Mabuya maculilabris mtDNA haplotype sequences from São Tomé Island. A simulated Poisson distribu-
tion is indicated by a dotted line. The group Wts a wave characteristic of an episode involving population growth, although the bimodal shape clearly
indicates that population fragmentation is also involved. Fu’s Fs test of selective neutrality yielded a value of Fs D ¡24.457, a PF < 0.0001 (probability
that simulated Fs under 1000 bootstraps is less or equal to the observed Fs), D 3.841, 0 D 11.012 and 1 D 44.297, and the Harpending (1994) ragged-
ness index, which measures the “smoothness” of the mismatch distribution is D 0.00462.
J. Jesus et al. / Molecular Phylogenetics and Evolution 37 (2005) 503–510 509M. maculilabris is low compared to reptiles from Tene-
rife, which is surprising given that São Tomé is geologi-
cally older (15 My vs 11 My for Tenerife). Variation is
also very low given the age of the island within Lacerta
dugesii from Madeira (Brehm et al., 2003). However this
latter result can be explained by the greater degree of
geographical isolation of Madeira. Our results indicate
that more studies are needed from more volcanic island
archipelagos before comparative phylogeographic con-
clusions can be drawn.
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